Background: Ablative fractional laser (AFL) increases uptake of topically applied skin agents. The coagulation zone (CZ) surrounding vertically ablated channels may influence uptake of drugs. Objectives: To investigate impact of CZ thickness on skin fluorescence intensities (FI) of a hydrophilic molecule by means of fluorescence microscopy (FM) and fluorescence confocal microscopy (FCM). Second, to compare FI of hydrophilic and lipophilic test molecules by FCM. Study Design/Methods and Materials: Microchannels with CZ thicknesses of 0, 20, and 80 mm were generated by microneedles or AFL (10,600 nm). Channels were 700 mm deep and number of channels kept constant per skin area. After 4 hours of incubation, FI induced by sodium fluorescein (NAF, hydrophilic, logarithmic partition-coefficient (logP) ¼ À1.52, MW ¼ 376.26) were quantified in both CZ and surrounding skin by FM (0-1,500 mm) and FCM (0-90 mm). FI of NAF and carboxyfluorescein (CAF, lipophilic, logP ¼ 2.9, MW ¼ 376.32) were compared by FCM. Results: By FM, NAF-induced FI were higher in CZ than in surrounding skin (P 0.001). Highest NAF-FI were induced in skin pretreated with a thin CZ (CZ-20 mm), assessed by both FM and FCM and in particular, FI were higher than in skin pretreated with no CZ (CZ-0 mm) (FM P 0.041, FCM P < 0.012). Skin FI remained constant to a depth of 500 mm, which corresponded to approximate depth of microchannels (CZ-0 mm, CZ-20 mm, CZ-80 mm: 0-500 mm P ! 0.107). In accordance with FM data, FCM showed higher FI within CZ than in surrounding skin, but gradually decreased to zero at a depth of 90 mm. NAF-FI were higher than CAF-FI (P 0.036), and highest CAF-FI were induced by CZ-0 mm and CZ-20 mm compared to CZ-80 mm (P 0.009). Conclusions: The influence of the CZ thickness on skin FI differs between small hydrophilic and lipophilic test molecules. Results may have clinical relevance for laserassisted drug delivery. Lasers Surg. Med. 51:68-78, 2019. 
INTRODUCTION
Stratum corneum restricts cutaneous uptake of topically applied drugs, in particular hydrophilic and charged molecules [1, 2] and lipophilic drugs surpassing the approximate maximum molecular weight (MW) for passive diffusion of 500 Da [2] [3] [4] .
Several physical pretreatment techniques are available to enhance topical drug delivery including ablative fractional laser (AFL) and micro-needles [5] [6] [7] [8] . Both techniques disrupt the skin barrier by generating vertical microchannels into deeper skin layers. The techniques differ concerning tissue interactions, reproducibility, accessibility, and cost. AFL creates microscopic ablation zones consisting of vertical channels of ablated tissue, surrounded by a zone of thermally affected skin, the coagulation zone (CZ). Dimensions of both microscopic ablation zones and their corresponding CZs are determined by laser device and settings. While influence of laser channel depth and density on topical drug delivery has previously been explored in several studies [9] , few studies have investigated the impact of CZ [10, 11] . Microneedle systems are composed of arrays of micro-projections in lengths of up to 3 mm, which create pressure-dependent micro-pores in skin without CZs. Density, length, and material of projections as well as designs can vary [8] .
Fluorescence microscopy (FM) allows wide-field, in vitro fluorescence imaging of skin sections at peak emissions usually ranging between 400 and 700 nm. Biopsies are sectioned at preselected skin depths from skin surface to deep dermis, allowing full skin thickness quantification of fluorescence intensities (FI). FM images are generated at the specific levels of interest, avoiding any disruption from above lying tissue. The technique has previously extensively examined protoporphyrin IX fluorescence uptake in laser-processed skin from photosensitizers [12] [13] [14] , and was recently applied to quantify fluorescent-labeled polyethylene glycols in physically pretreated skin with AFL and microneedles [10] . Laser scanning confocal microscopy is a non-invasive, small-field, in vitro, and in vivo imaging technique equipped with lasers having peak emissions, ranging from 488 to 830 nm.
Reflectance confocal microscopy (RCM) at 785-830 nm allows near histological resolution imaging of skin morphology based on variations of the refractive indices within tissue. Skin strata and specific structures including physically generated microchannels can therefore be identified to a depth of 200 mm [11, [15] [16] [17] [18] [19] . Fluorescence confocal microscopy (FCM) enables wavelength-dependent imaging of endogenous and exogenous fluorescent molecules in superficial skin layers. Fluorescent dyes with excitation spectrum ranging from approximately 488-788 nm have been successfully imaged by FCM in explorative contrast agent and drug delivery studies [20] [21] [22] [23] [24] , leading to recent trials using a combination of RCM and FCM [11, 20, 21] . In a previous study, we applied FCM to investigate kinetics of sodium fluorescein (NAF) in AFLexposed skin and observed a consistent decrease in FI with skin depth [11] . The utility of FCM technique to quantify FI therefore remains to be investigated.
NAF and carboxyfluorescein (CAF) are small, fluorescent molecules with similar MW of 376 Da. Both molecules absorb blue light at 465-495 nm, resulting in green-yellow fluorescence emission at 514-530 nm. In accordance, NAF has previously been detected in skin using various imaging techniques, including FCM [21] [22] [23] [24] [25] [26] . NAF and CAF differ regarding their respective logarithmic partition-coefficient (logP) values. NAF is hydrophilic with a negative logP of À1.52, and CAF is relatively lipophilic with a positive logP of 2.9. Despite their resemblance in MW, partitioncoefficients of the compounds can influence drug distribution in skin, which is highly relevant in laser-assisted drug delivery of topically applied hydrophilic and lipophilic drugs of similar size.
The aim of the present study was therefore, to investigate the impact of CZ thickness on skin FI of hydrophilic NAF by means of FM and FCM. Further, to compare FI of hydrophilic NAF and lipophilic CAF in skin with different CZ thicknesses by FCM technique.
METHODS

Study Setup
Assessments were performed after 4 hours of incubation in a dark room. By light microscopy (LM) and FM, a total of eight interventions including CZ-0 mm, CZ-20 mm, CZ-80 mm, and intact skin combined with or without NAF were evaluated at eight selected skin depths (0, 10, 40, 80, 150, 500, 1,000, 1,500 mm) (Fig. 1A) . At each skin level, three channels (Fig. 1B) were assessed in three to eight repetitions resulting in a total of 936 assessed microchannels or skin sites.
By RCM and FCM, a total of twelve interventions were assessed including CZ-0 mm, CZ-20 mm, CZ-80 mm, and intact skin with and without NAF or CAF. Within each test area, four randomly selected scanning sites representing a microchannel or intact skin were assessed in three or six repetitions. Thus, 12-24 microchannels/intact skin sites were scanned per intervention, and a total of 216 RCM scans and corresponding 216 FCM scans were acquired.
Skin Samples and Microchannel Dimensions
Skin samples were excised from flanks of seven Danish landrace/Yorkshire pigs prepared as described by Haak et al [10] . Skin was stored at À808C before thawed for 10-30 min at room temperature of þ258C (AE108C). Test areas measured 1 Â 1 cm on both FM samples and RCM/ FCM samples. All samples were kept on moist gauze during thawing, incubation, and FCM assessments.
CZ thickness measured 0, 20, or 80 mm and channel depth was kept constant at 700 mm (AE12%). Dimensions were generated as previously described by Haak et al [10] , and in the present study confirmed by LM images of vertical skin sections in six repetitions prior to study initiation (Fig. 2) . Microthermal ablation zones with no CZ (CZ-0 mm) were generated using a 1 mm microneedle (540 derma roller, Denmark) on frozen skin thawed to À28C. Under constant firm pressure, four passes were applied to each skin sample in a standardized pattern, generating 216 micro channels per cm 2 skin [10] . CZ measuring 20 mm (CZ-20 mm) was generated using AFL (Ultrapulse, DeepFX handpiece, Lumenis Inc., Santa Clara, CA) by a single pulse of 50 mJ/mb (600 Hz) applied to deep frozen skin (À808C). CZ measuring 80 mm (CZ-80 mm) was created by single pulse 40 mJ/mb (150 Hz) applied to skin at room temperature (þ258C AE À 18C). AFL density was constant at 5%, corresponding to 196 laser channels per cm 2 skin area [10] . All skin samples had a thermometer-assessed (RS-1327 infrared thermometer, Taiwan) surface temperature of 258C (AE À 18C) at time of NAF/CAF application, independent of physical intervention technique.
Test Molecules
Sodium fluorescein (NAF) salt (MW ¼ 376.26 Da, logP ¼ À1.5, excitation wavelength ¼ 490 nm, emission wavelength ¼ 514 nm) and 5(6)-carboxyfluorescein (CAF) powder (MW ¼ 376.32 Da, logP ¼ 2.9, excitation wavelength ¼ 494 nm, emission wavelength ¼ 518 nm) (Sigma-Aldrich, St. Louis, MO) were diluted in gel (LEO Pharma, hydro alcoholic gel no. 130-345-06-01P) to concentrations of 1,000 mg/ml NAF and CAF, respectively. An amount of 10 ml per cm 2 skin area was distributed evenly over the test area with a sterile pipette tip. At 4 hours incubation and immediately before imaging, NAF/CAF was gently removed from skin surface with saline 0.9%.
Fluorescence Microscopy Imaging
Frozen skin biopsies (À308C) were horizontally sectioned into 3 mm thickness at eight specific skin depths corresponding to 0, 10, 40, 80, 150, 500, 1,000, 1,500 mm depth (AE5%) ( Table 1 and Fig. 1A ). Specific microchannels were assessed from individual skin sections and processed in a room with red light to minimize photobleaching. Skin surface was defined as the level where 50% of the entire skin sample was visible in the microscope (Olympus IX70. Fluorescence Microscope, Olympus Denmark A/S, Ballerup, Denmark). Images (16-bit grayscale 0-65,535) were captured with a microchannel centered in the image (ORCA-R2 Digital CCD camera, Hamamatsu Corp., Bridgewater, NJ) at Â10 magnification (Figs. 3 and 4). Sections were illuminated for 45 ms with 450-480 nm filtered light by a 150 W direct current Xenon lamp (Hamamatsu, Corp., Bridgewater, NJ) using U-MU/ FURA filter cube. Stability of excitation light was monitored before each microscopy session by an external power meter and by fluorescence measurements on a blue fluorescent plastic standard slide (Chroma Technology, Corp., Bellows Falls, VT). The power of excitation light was kept stable during the sampling process (AE À 10%). Corresponding LM images were taken from all sections FM images were processed in ImageJ (Java based freeware, National Institutes of Health). Guided by corresponding LM images, two regions of interest (ROIs) were manually delineated and defined as ROI of the coagulation zone (ROI-CZ) and ROI of skin surrounding CZ (peri-CZ). Fluorescence measurements were performed within each ROI in specific skin depths from 0 to 1,500 mm. Surrounding skin was assessed at a horizontal distance of up to approximately 320 mm from CZ. Auto-fluorescence varied between pigs, with individual mean auto-FI ranging from 3,133 to 10,239 AU and a total mean of 5,950 AU. Thus, auto-fluorescence was subtracted on an individual basis, resulting in the presented NAF-FI. Potential fluorescence of the gel alone was measured in AFLprocessed skin in 9 repetitions after incubation of 4 hours, and intensities were similar to auto-FI (CZ, P ¼ 0.489; Peri-CZ, P ¼ 0.666). Thus, gel-induced fluorescence can be neglected. FI from the standard slide were similar at all measurements (FI median ¼ 4,687 AU, AE 10%), and therefore samples were not further corrected.
Laser Scanning Confocal Microscopy Imaging
Reflectance and corresponding fluorescence images were acquired using 785 nm excitation laser up to 5 mW and 488 nm excitation laser at 5 mW, respectively (Vivascope 1500 multi laser scanning confocal microscope, Mavig, Germany). Images were recorded with the microchannel centered in each image. Individual z-stacks consisted of horizontal 500 Â 500 mm optical sections acquired at every third micron from skin surface to a depth of 200 mm, resulting in 67 images. Methods of RCM/FCM imaging are described in a recent study [11] .
RCM and FCM z-stacks were processed in ImageJ software. RCM z-stacks were exploited to: i) identify specific skin compartments (stratum corneum, epidermis, papilla, upper dermis); ii) assess thickness of specific skin compartments; and iii) delineate interface between CZ and surrounding skin.
In FCM images (8-bit grayscale mode, 0-255 AU), ROI-CZ and ROI-SS were manually defined, guided by corresponding RCM images, to exclude artifacts in a horizontal distance of up to 200 mm from CZ (Fig. 3 ). FI were assessed separately for ROI-CZ and ROI-peri-CZ and the average FI from each ROI was calculated for stratum corneum, epidermis, papilla, and upper dermis. Autofluorescence was assessed in AFL-exposed, microneedleprocessed, and intact skin without NAF/CAF and measured 0 AU. Similarly, FI were measured on AFL-exposed samples incubated with gel, and measurements showed no fluorescence from gel alone (0 AU). Presented NAF/CAF FI were therefore not adjusted for auto or gel fluorescence. By RCM, median thickness of stratum corneum, epidermis, papillary dermis, and upper dermis, respectively was calculated, stratum corneum measuring 27 mm, epidermis 21 mm, papillary dermis 48 mm, and 105 mm of upper dermis was imaged. LM images did not allow clear definition of cutaneous compartments.
Statistics
Non-parametric statistics were used and descriptive data for inter-individual samples presented with medians and interquartile ranges (IQR). Mann-Whitney test evaluated differences between interventions and skin layers for FM, due to assessments of various channels throughout skin sections. Wilcoxon test assessed differences between skin layers for FCM, as one specific microchannel was evaluated throughout all assessed skin layers. P-values were Bonferroni-corrected for multiple comparisons by factor of six when relevant (Tables 1  and 2) , and a level of P < 0.05 considered statistically significant. Analyses were performed in SPSS version 25 (IBM Corporation, Armonk, NY). Graphs were generated in Prism GraphPad, version 7 (GraphPad Software Inc., la Jolla, CA).
RESULTS
Skin Morphology
AFL-generated microchannels were identified in RCM and LM images as quasi-circular structures with central loss of tissue, surrounded by a rim of varying, condensed tissue, representing CZ (Fig. 3) [10, 11, 17] . Microneedlegenerated channels (CZ-0 mm) appeared stellate in shape, lacking the characteristic AFL-induced CZ (Fig. 4) .
Fluorescence Microscopy, Hydrophilic Test Molecule
NAF-induced FI are listed in Table 1 and Figure 5 and ranged from 0 to approximately 30,000 AU (16-bit). FI increased in physically pretreated skin compared to intact skin from skin surface to a depth of 1,000 mm (P < 0.048). At a depth of 1,500 mm, skin processed with CZs (CZ-20 mm or CZ-80 mm) induced low FI similar to intact skin (P > 0.24), with the only exception of skin processed with CZ-0 mm, which induced higher FI than intact skin (P < 0.038, Table 1 ).
NAF-FI were higher in ROI-CZ than in ROI-peri-CZ, independent of CZ-thickness and independent of assessed skin depth (P < 0.001) ( Table 1) . Within ROI-CZ (CZ-20 mm and CZ-80 mm), FI remained constant throughout microchannels from skin surface to a depth of 500 mm (CZ-20 mm: P > 0.107, CZ-80 mm: P > 0.229). Similarly in ROIperi-CZ, all FI remained constant to a depth of 500 mm (CZ-0 mm P > 0.546, CZ-20 mm P > 0.277, CZ-80 mm P > 0.439), and FI in skin with microchannels surrounded by no CZ (CZ-0 mm) or a thick CZ (CZ-80 mm) remained further constant beneath microchannels to a depth of 1,000 mm (CZ-0 mm: P > 0.546, CZ-80 mm: P > 0.069).
Microchannels with CZ-20 mm induced highest FI in ROI-CZ, ranging from 10,770 to 16,637 AU (CZ-20 mm vs. CZ-80 mm P < 0.004 at 0-500 mm) ( Table 1 and Fig. 5 ) and higher FI in ROI-peri-CZ than microchannels with CZ-80 mm (P < 0.041 at 10-500 mm) and CZ-0 mm (P < 0.03, 40-500 mm) ( Table 1) . Interventions with CZ-0 mm and CZ-80 mm induced similar, low FI in ROI-peri-CZ from skin surface to levels beneath microchannels at 1,000 mm (P > 0.75 at 0-1,000 mm, P ¼ 0.01 at 1,500 mm) ( Table 1 and Fig. 5 ).
FI ratios of ROI-CZ/ROI-peri-CZ were similar for CZ-20 mm and CZ-80 mm (FI-ratios ¼ 1.9-2.7, P > 0.120), and remained constant at all assessed skin levels (0-500 mm, P > 0.081).
Fluorescence Confocal Microscopy, Hydrophilic Test Molecule
Sodium fluorescein (NAF) FI assessed in arbitrary units (AU) ranged from 0 to approximately 220 AU (8-bit gray scale), depending on intervention, ROI, and assessed skin depth. In intact skin, FI were low and detectable to stratum corneum only, whereas FI increased in pretreated skin and became detectable from skin surface to the papillary dermis (pretreated vs. non- processed skin P < 0.0012, Table 2 ). FI gradually decreased to zero with increasing skin depth, and were not assessable beneath the level of papillary dermis (Fig. 5 and Table 2 ).
Highest FI were measured in ROI-CZ of both CZ-20 mm and CZ-80 mm (P > 0.12), and lower, but similar FI were assessed in corresponding ROI-peri-CZ (CZ-20 mm vs. CZ-80 mm P > 0.366). Accordingly, FI ratios of ROI-CZ/ROI-peri-CZ were similar for CZ-20 mm and CZ-80 mm independent of assessed skin layer (P > 0.055). However, only microchannels with CZ-20 mm induced higher FI in ROI-peri-CZ than By FM, FI remain constant to a depth 500 mm, whereas FI decrease with skin depth by FCM. microchannels with CZ-0 mm, (P 0.012, Fig. 5 and Table 2 ), whereas CZ-80 mm and CZ-0 mm induced similar FI in ROI-peri-CZ (P ! 0.066).
Comparison of Results From Fluorescence Microscopy and Fluorescence Confocal Microscopy
Both FM and FCM confirmed increased NAF FI in physically pretreated skin compared to intact skin. By FM, FI were detectable to a level of minimum 1,500 mm and remained constant to a depth of 500 mm (Fig. 5) . In contrast, all FI assessed by FCM gradually decreased to 0 AU at a skin level of approximately 90 mm (Fig. 5 and Table 2 ). Both fluorescence techniques confirmed higher FI in ROI-CZ than in ROI-peri-CZ independent of CZ thickness. In addition, FI in ROI-peri-CZ of microchannels with CZ-20 mm reached higher values than FI in ROIperi-CZ of microchannels with CZ-0 mm and CZ-80 mm, though primarily significant by FM technique (FM P 0.027 at 40-500 mm, FCM P 0.012 in epidermis and papillary dermis for CZ-20). FI were similar in ROIperi-CZ of CZ-0 mm and CZ-80 mm independent of applied imaging technique (FM P ! 0.75, FCM P ! 0.066). Techniques demonstrated different results in comparisons between FI induced by CZ-20 mm and CZ-80 mm. By FM, CZ-80 mm induced lower FI than CZ-20 mm (ROI-CZ: P < 0.004 at 0-500 mm, ROI-peri-CZ: P 0.041, at 10-500 mm, Table 1 ), whereas FCM presented similar FI induced by CZ-80 mm and CZ-20 mm (ROI-CZ: P ! 0.236 in epidermis and dermal papilla, ROIperi-CZ: P ! 0.366).
In terms of FI ratios of ROI-CZ/ROI-peri-CZ, CZ-20 mm and CZ-80 mm induced similar ratios >1 independent of applied imaging technique (FCM P ! 0.055, FM P ! 0.120). However, ratios assessed by FCM decreased with skin depth (P 0.027) in contrast to FM-assessed ratios, which remained constant with channel depth to 500 mm (P ! 0.081).
Fluorescence Confocal Microscopy, Lipophilic Test Molecule
CAF-FI ranged from 0 to approximately 136 AU and overall increased in skin pretreated with microchannels, compared to intact skin (P 0.0126). Microchannels with CZ-20 mm and CZ-80 mm induced similar, maximum FI in ROI-CZ (CZ-20 mm vs. CZ-80 mm P ! 0.26). In ROI-peri-CZ, the highest FI were intensified by microchannels with CZ-0 mm and CZ-20 mm (P ! 0.786) ( Figure 5 and Table 2 ) compared to microchannels with CZ-80 mm (P 0.009 in stratum corneum and epidermis). High FI in ROI-CZ vs. low FI in ROI-peri-CZ of CZ-80 mm resulted in ROI-CZ/ ROI-peri-CZ FI-ratios, which were higher for CZ-80 mm than for CZ-20 mm (P 0.001 in stratum corneum and papillary dermis).
Comparisons of Hydrophilic Versus Lipophilic Test Molecules
Impact of CZ thickness on NAF and CAF is illustrated in Figure 6 . FI of both hydrophilic NAF and lipophilic CAF THE ABLATIVE FRACTIONAL COAGULATION ZONEincreased in physically pretreated skin compared to intact skin by FCM. In ROI-peri-CZ, highest NAF-FI were induced from microchannels with a CZ (CZ-20 mm or CZ-80 mm), whereas highest CAF-FI were reached in skin with microchannels surrounded by no or a thin CZ (CZ-0 mm or CZ-20 mm).
NAF induced higher FI than CAF in skin processed with CZ-20 mm and CZ-80 mm independent of assessed ROI (ROI-CZ P 0.036, ROI-peri-CZ P 0.016 in epidermis and papilla). In contrast, NAF and CAF induced similar FI in skin with microchannels with CZ-0 mm (P ! 0.2) and in intact skin (P ! 0.9).
DISCUSSION
For the first time, both FM and FCM were applied to investigate the impact of various CZ thicknesses on skin FI of small hydrophilic and lipophilic test molecules. FM and FCM consistently demonstrated increased FI in physically pretreated skin compared to intact skin. The highest FI from hydrophilic NAF were induced in skin with microchannels surrounded by a thin CZ (CZ-20 mm), whereas lipophilic CAF-induced FI reached the highest values in skin with microchannels surrounded by no or a thin CZ (CZ-0 mm or CZ-20 mm). These data suggest that CZ impacts differently on drug uptake depending on the partition-coefficient. Thus, uptake of small hydrophilic drugs may be optimally enhanced in skin pretreated with microchannels surrounded by a CZ, whereas small lipophilic drugs may diffuse more readily in skin pretreated with microchannels surrounded by no or a thin CZ (CZ-0 mm or CZ-20 mm). NAF-FI-ratios for ROI-CZ versus ROI-peri-CZ, were similar for CZ-20 mm and CZ-80 mm, which could suggest that hydrophilic drug flux from CZ into surrounding skin is independent of CZ thickness. Instead, CZ thickness may determine transport kinetics from the microchannel into CZ, explaining higher NAF-FI induced by CZ-20 mm than CZ-80 mm. In contrast, higher CAF FI-ratios for CZ-80 mm than CZ-20 mm suggest that for a lipophilic drug, increasing CZ thickness results in decreasing drug flux from the CZ into surrounding skin. Our data may only reflect conditions at the investigated time point [11] . Different FI in CZ and surrounding skin, as well as in superficial and deep skin layers, indicate that steady state was not reached at the time of assessment. Conditions may change further over time and studying later time-points could be useful in understanding sustained drug delivery.
Detected in skin biopsies using FM, FI remained constant from skin surface to a level of minimum 500 mm, corresponding to the approximate microchannel depth of 700 mm. In contrast using FCM, FI were detected in superficial skin layers and decreased with skin depth as previously described [11] . Plausibly, FCM-assessed FI decrease due to absorption of the emitted light passing through the tissue, constituting a limitation of the technique for quantification of FI in skin. Advantages of the FCM technology, are imaging of a specific microchannel throughout skin layers, minimal additional physical manipulation of skin samples, and less time consuming data collection. For clinical perspectives, realtime, in vivo investigations using combined RCM and FCM could be used for quick, non-invasive assessments of uptake and distribution of fluorescent test molecules and drugs in superficial skin layers at cellular resolution. For AFL-assisted drug delivery, combined application of FCM and RCM could elucidate the impact of laser settings on fluorescent drug uptake and distribution as well as document clinical treatment response. A specific implication could be in vivo investigations of AFL-delivered fluorescent protoporphyrin IX used in photodynamic therapy for treatment of actinic keratosis and low-risk basal cell carcinomas.
Corresponding results between FM and FCM in our study, may indicate that FCM assessments in superficial skin layers to some extent mirror FI detected by FM in Fig. 6 . Impact of the coagulation zone thickness on sodium fluorescein and carboxyfluorescein in skin. Fluorescence intensities (FI) of sodium fluorescein (NAF) and carboxyfluorescein (CAF) assessed by fluorescence confocal microscopy in (A) epidermis and (B) papillary dermis. Microchannels surrounded by a coagulation zone (CZ-20 mm, CZ-80 mm) induce higher NAF than CAF FI, whereas microchannels without CZ (CZ-0 mm) induce higher CAF fluorescence intensities, indicating that CZ thickness impacts differently on hydrophilic and lipophilic drugs in superficial skin layers.
deeper skin layers. These findings might imply that the impact of CZ thickness is consistent throughout the depth of the microchannel, however differences in NAF-FI assessed by FM and FCM for CZ-80 mm were inconsistent introducing the possibility that the two techniques not always demonstrate corresponding results.
AFL-assisted drug delivery is an evolving technique to enhance uptake of topically applied drugs in skin [9] . To date, only few studies investigated the impact of AFLgenerated CZ on uptake of topically applied agents [10, 11] . Haak et al. investigated uptake of hydrophilic fluorescentlabeled polyethylene glycols (MW ¼ 420 to 1,500 Da) by FM in skin processed with microchannels of CZ-0 mm, CZ-20 mm, and CZ-80 mm thickness after 4 hour incubation [10] . Mirroring our results, microchannels surrounded by a CZ enhanced skin uptake of small polyethylene glycols (MW ¼ 420 Da) compared to microchannels with no CZ.
To our knowledge, no studies have investigated the biochemical mechanisms of drug uptake in CZ. The related importance of the CZ environment as compared to for example the drug vehicle is unclear. Future studies could therefore investigate the impact of various vehicles on drug uptake and distribution in AFL-exposed skin. Like NAF, CAF samples can be studied by FM to describe CZ impact on CAF in deeper skin layers. Exact molecular mechanisms between test molecules and CZ as well as release mechanisms of test drugs into surrounding skin may be explored through investigations of the chemistry in untreated and AFL-treated skin.
Study strengths were the standardized design and use of multiple evaluations of FM and LM sections, and RCM and FCM scans. Study limitations consisted of the in vitro set up and the use of only one time point. Further, physiochemical factors of test molecules such as molecular volume, skin pH and molecule affinity to proteins, may impact skin FI. Thus, more research is needed to clarify to what extent our results can be translated into a clinical drug delivery setting. Technical limitations of FCM technique consisted of limited detection of FI to a depth of maximum 90 mm and horizontal field of view of 500 Â 500 mm. FM assessed a wider field of view and FI in deep skin layers, but required time-consuming processing by a skilled technician.
In conclusion, CZ thickness influenced skin FI of a small hydrophilic test molecule, investigated by FM and FCM. Further, in superficial skin layers FCM indicated CZdependent differences in skin FI between hydrophilic and lipophilic test molecules.
